Abstract Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder of mid-life onset characterized by involuntary movements and progressive cognitive decline caused by a CAG repeat expansion in exon 1 of the Huntingtin (Htt) gene. Neuronal DNA damage is one of the major features of neurodegeneration in HD, but it is not known how it arises or relates to the triplet repeat expansion mutation in the Htt gene. Herein, we found that imbalanced levels of non-phosphorylated and phosphorylated BRCA1 contribute to the DNA damage response in HD. Notably, nuclear foci of γ-H2AX, the molecular component that recruits various DNA damage repair factors to damage sites including BRCA1, were deregulated when DNA was damaged in HD cell lines. BRCA1 specifically interacted with γ-H2AX via the BRCT domain, and this association was reduced in HD. BRCA1 overexpression restored γ-H2AX level in the nucleus of HD cells, while BRCA1 knockdown reduced the spatiotemporal propagation of γ-H2AX foci to the nucleoplasm. The deregulation of BRCA1 correlated with an abnormal nuclear distribution of γ-H2AX in striatal neurons of HD transgenic (R6/2) mice and BRCA1 +/− mice. Our data indicate that BRCA1 is required for the efficient focal recruitment of γ-H2AX to the sites of neuronal DNA damage. Taken together, our results show that BRCA1 directly modulates the spatiotemporal dynamics of γ-H2AX upon genotoxic stress and serves as a molecular maker for neuronal DNA damage response in HD.
Introduction
Huntington's disease (HD) is an autosomal dominant disorder characterized by chorea and progressive cognitive impairment caused by a CAG repeat expansion in exon 1 of the Huntingtin (Htt) gene. Cumulative neuronal DNA damage due to impaired DNA repair mechanisms is thought to contribute to the pathogenesis of HD and other neurodegenerative disorders [1, 2] , but the potential role of the DNA damage response (DDR) in the pathogenesis of HD is not understood.
The breast cancer susceptibility gene BRCA1 encodes a large phosphoprotein involved in multiple nuclear functions, including DNA repair, transcriptional regulation, and chromatin remodeling ( [3] ; for review see [4] [5] [6] [7] ). BRCA1 is phosphorylated in a cell cycle-dependent manner, and several phosphorylation sites have been identified under these conditions, including Ser-988, -1423, -1387, and -1524 [8, 9] . In response to DNA damage, the BRCA1 protein becomes rapidly hyperphosphorylated at multiple sites by several kinases including ATM, a gene mutated in the ataxia telangiectasia syndrome. Mutation of the BRCA1 target sites for ATM and serines 1423 and 1524 abolishes the ability of BRCA1 to mediate the G2/ M checkpoint, while mutation at serine 1387 disrupts the S-phase checkpoint. Interestingly, overexpression of wild-type BRCA1 confers weak resistance to DNA damage-induced cell death in BRCA1 mutant breast cancer cell lines, whereas phosphorylation-defective BRCA1 alleles carrying Ser to Ala substitution of these residues do not rescue them from apoptosis [10] [11] [12] . Thus, DNA damage-induced phosphorylation of BRCA1 is an intracellular signal that orchestrates cell survival and death pathways. Mutations of mouse BRCA1 using various gene-targeting constructs that introduce null, hypomorphic, and tissue-specific mutations result in embryonic lethality, cellular growth defects, increased apoptosis, premature aging, and/or tumorigenesis [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
The DDR is essential for the development, maintenance, and normal functioning of the adult central nervous system. H2AX is a member of the mammalian histone H2A family (for review see [25] ). H2AX is phosphorylated (γ-H2AX) and relocated to double-strand breaks (DSBs) within minutes of genotoxic stress, which suggests that γ-H2AX may play a crucial role in DSB repair [26] . Indeed, γ-H2AX is the molecular component that recruits various DNA damage repair factors to damage sites including BRCA1 [26] [27] [28] [29] . Despite the fact that interactions between BRCA1 and γ-H2AX are important in the DNA repair process, the mechanism of interaction of these two molecules has not been thoroughly investigated in neurodegenerative conditions such as HD.
The aim of our study was to address how BRCA1 and H2AX interact and contribute to the DDR in HD. We found that an imbalance between levels of nonphosphorylated and phosphorylated BRCA1 leads to dysregulation of the spatiotemporal dynamics of γ-H2AX, which, in turn, results in failure of the DNA damage response in HD.
Results
The Level of Non-phosphorylated and Phosphorylated ATM and BRCA1 Is Altered in a Cellular and Animal Model of HD In the first series of experiments, we determined whether levels of ATM and BRCA1 differ between control STHdh Q7/7 (Q7) and mutant HD STHdh Q111/111 (Q111) cells by Western blot and immunohistochemistry. Levels of nonphosphorylated ATM and phosphorylated ATM (p-ATM (Ser1981)) were slightly but not significantly increased in Q111 cells compared to Q7 cells (Fig. 1a) . ATM and p-ATM (Ser1981) signals were found both in the cytoplasm and the nucleus of striatal cell lines. A substantial portion of the ATM signal appeared to be localized to the nuclei of striatal cells, whereas p-ATM (Ser1981) was present in the nuclei as well as in the cytoplasm (Fig. 1b) . The R6/2 line is a transgenic HD mouse line expressing exon 1 of the mutant human HD gene with an expanded CAG repeat [30] that develops neuropathological and clinical features similar to human HD including striatal atrophy and neuronal intranuclear inclusions. Levels of ATM and p-ATM (Ser1981) were slightly increased in the striatum of R6/2 mice at 10 weeks of age compared to littermate controls, as monitored by immunohistochemistry (Fig. 1c) . Interestingly, levels of non-phosphorylated BRCA1 were significantly decreased in Q111 cells compared to Q7 cells, whereas phosphorylated BRCA1 (p-BRCA1 Ser 1423 and Ser 1524) was significantly increased in Q111 cells compared to Q7 cells (Fig. 1d ). BRCA1 and p-BRCA1 (Ser1423) were localized to the cytoplasm of striatal cells, whereas p-BRCA1 (Ser1524) was mainly localized in the nucleus (Fig. 1e) . The immunoreactivity of p-BRCA1 (Ser 1423 and Ser 1524) was increased, while non-phosphorylated BRCA1 immunoreactivity was decreased in the striatum of R6/2 mice compared to littermate controls (Fig. 1f) . To determine whether BRCA1 was affected in vivo, we examined ATM, BRCA1, p-BRCA1 (Ser1524), and γ-H2AX protein levels in striatal neurons stably expressing GFP or the mutant huntingtin-GFP fusion protein (GFP-Q79) and found that these protein levels were similar to those found in a cellular and animal model of HD [ Fig. 1 in the Electronic Supplementary Material (ESM)]. (Q7) and STHdh Q111/111 (Q111) cells was detected by Western blot analysis. The graphed data represent an average of four separate experiments. b ATM and p-ATM (Ser1981) immunoreactivity was found both in the cytoplasm and nuclei of striatal cell lines. c Levels of ATM and p-ATM (Ser1981) were slightly increased in the striatum of R6/2 mice at 10 weeks of age compared to littermate controls. d Protein levels of BRCA1, p-BRCA1 (Ser1423), p-BRCA1 (Ser1524), and β-actin in Q7 and Q111 cells were detected by Western blot analysis. The data represent an average of four separate experiments. *p<0.05, significantly different from control. e BRCA1 and p-BRCA1 (Ser1423) immunoreactivity was seen in the cytoplasm, in contrast to p-BRCA1 (Ser1524) which was localized in the nuclei of striatal cells. f Phosphorylated forms of BRCA1 were increased in the striatum of R6/2 mice compared to littermate controls, while levels of nonphosphorylated BRCA1 were lower in the striatum of R6/2 mice. Scale bars: b, c, e, f, 10 μm CPT-Induced DNA Damage Alters the Expression of ATM, BRCA1, and H2AX Pathway in the Cellular Model of HD In order to examine whether altered BRCA1 levels affect the DNA damage pathway, we exposed striatal cell lines to camptothecin (CPT), a topoisomerase inhibitor, up to 10 μM for 24 h and investigated changes in the DNA damage responses. Upon CPT-induced DNA damage, we determined ATM activation by assessing ATM (ser1981) phosphorylation with Western blot analysis (Fig. 2a) . ATM phosphorylation was significantly increased 3 h after the induction of DNA damage, and BRCA1 phosphorylation at Ser 1423 and 1524 was increased 3-6 h after the DNA damage (Fig. 2b) . These data show that activation of ATM and the BRCA1 pathway is impaired in a HD cell line in response to DNA damage. We next evaluated whether a downstream target of ATM, such as H2AX, is deregulated in the context of DNA damage. Phosphorylated H2AX on Ser140 (γ-H2AX) is a sensitive indicator of DNA doublestrand breaks produced by genotoxic stresses. Western blot experiments showed that CPT-induced DNA damage response as measured by γ-H2AX levels is evident at 3 h and increased up to 6 h (Fig. 2c) . To further determine how CPT-induced DNA damage is associated with cell death in a cellular model of HD, Q7 and Q111 cells were treated with CPT and analyzed by flow cytometry (FACS). As shown in Fig. 2d , CPT (10 μM) treatment causes apoptotic cell death both in Q7 and Q111 cells. As expected, there was an increase in apoptotic cell death from 12 to 41 % in Q7 control cells and from 18 to 52 % in Q111 HD cells, respectively. In addition, neuronal DNA damage caused by genotoxic stress was examined in terms of DNA doublestand breaks by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining along with 4′,6-diamidino-2-phenylindole (DAPI) counterstaining. Our results show that Q111 HD cells are more sensitive to DNA damage caused by CPT compared to Q7 control cells (Fig. 2e) . The typical apoptotic morphology of nuclei was seen in both Q7 and Q111 cells after 12 or 24 h of CPT treatment. As expected, however, DNA double-strand breaks were significantly increased in Q111 cells compared to Q7 cells in a time-dependent manner.
Differential Subcellular Localization of ATM, BRCA1, and H2AX Is Found in the Cellular Model of HD Because subcellular localization is an important factor related to protein function, we investigated the distribution of ATM, BRCA1, and γ-H2AX in striatal cells. Interestingly, ATM and BRCA1 were found in both the nucleus and cytosol of striatal cell lines (Q7 and Q111 cells). High levels of γ-H2AX protein were found in nucleoli, and its basal level was higher in Q7 cells than Q111 cells (Fig. 3a) . γ-H2AX immunoreactivity was in the form of punctate structures in cellular nuclei. When cells were exposed to DNA damage for 3 h, the γ-H2AX foci were diffusely redistributed in the nuclei of Q7 and Q111 cells (Fig. 3b) . However, the immunoreactivity of the nuclear γ-H2AX foci was lowered in Q111 HD cells compared to Q7 cells in response to DNA damage. Knockdown of BRCA1 by expressing EGFP-shRNA BRCA1 constructs inhibited the spatial redistribution of γ-H2AX in the nucleus after CPT treatment in normal cells (Fig. 3c) . It is noteworthy that γ-H2AX was mainly increased in both the nucleus and nucleoli 3 h after CPT treatment (Fig. 3c ). BRCA1 knockdown resulted in a marked attenuation of the γ-H2AX signal induced by CPT in Q111 cells compared to Q7 cells (Fig. 3d) . While the nuclear γ-H2AX signal increased and persisted for more than 6 h after CPT-induced DNA damage, its signal did not last more than 3 h in Q111 HD cells. Thus, the depletion of endogenous BRCA1 was coupled to a reduction of γ-H2AX-positive foci upon CPT treatment in Q111 HD cells. This finding strongly supports a role for BRCA1 in the maintenance of DDR via γ-H2AX. We further found that p-BRCA1 (Ser1524) and γ-H2AX are differently localized in Q7 and Q111 cells (Fig. 3e) . Confocal microscopy revealed that p-BRCA1 (Ser1524) and γ-H2AX immunoreactivity are both increased in the nucleoplasm after CPTinduced DNA damage. A histogram analysis of the γ-H2AX signal in the nucleus of CPT-treated cells revealed that p-BRCA1 (Ser1524) foci are strongly associated with the γ-H2AX signal in Q7 cells, whereas p-BRCA1 (Ser1524) foci are only partially associated with γ-H2AX in Q111 cells (Fig. 3e ).
Genotoxic Stress-Induced Interaction of BRCA1 and γ-H2AX Is Impaired in the Cellular Model of HD To further characterize the molecular interactions of ATM, BRCA1, and H2AX, we performed immunoprecipitations on neuronal lysates, using anti-ATM, anti-BRCA1, or anti-H2AX antibodies (Fig. 4a) . A prominent 17-kDa band of H2AX protein was present in both ATM and BRCA1 immunoprecipitations. The molecular interaction of H2AX with ATM or BRCA1 was apparent in both Q7 and Q111 cells. We also confirmed that ATM, BRCA1, and H2AX interact constitutively to generate a DDR complex in neurons (Fig. 4a) . In order to examine whether DNA damage modulates the association of γ-H2AX with p-BRCA1 (Ser1524), we prepared cell lysates from mCherry-H2AX transfected Q7 and Q111 cells after CPT treatment and performed co-immunoprecipitations. The constitutive association of γ-H2AX with p-BRCA1 (Ser1524) was found in Q7 cells but not in Q111 cells under normal condition without CPT treatment. An increase in the association of γ-H2AX with p-BRCA1 (Ser1524) was found in Q111 cells 3 h after CPT treatment. A stronger association of p-BRCA1 (Ser1524) with γ-H2AX was found in Q7 cells than in Q111 cells after CPT treatment (Fig. 4b) . To determine whether γ-H2AX directly binds to BRCA1 and to identify which site of BRCA1 interacts with γ-H2AX, a GST pull-down assay was performed on cell lysates with or without CPT treatment. We purified six glutathione S-transferase (GST)-BRCA1 fusion proteins (numbered 1-6) containing overlapping BRCA1 fragments. Among the six GST-BRCA1 fusion proteins, γ-H2AX most strongly interacted with the BRCT domains of BRCA1 (BRCA1 amino acids 1314-1863; Fig. 4c ). Moreover, CPT treatment increased the ability of γ-H2AX binding to BRCT domains of BRCA1 in a concentration-dependent manner in Q7 and Q111 cells (Fig. 4d) . CPT treatment enhanced the association of γ-H2AX with the BRCT domain in Q7 cells more than in Q111 cells. These data indicate that the association of γ-H2AX with BRCA1 is lacking in HD Q111 cells. We performed further GST-BRCA1 pull downs using cell lysates containing WT-H2AX, mutant H2AX (S140A), and mutant H2AX (S140E), respectively. Mutation of H2AX at Ser140 hindered its association with BRCA1, indicating that phosphorylation of Ser140 is important for its molecular interaction with BRCA1 (Fig. 4e) .
Spatial Distribution of γ-H2AX in the Nucleus Is Dysregulated in HD
To determine whether the amount and spatial distribution of γ-H2AX in the nucleus are affected in vivo, we examined the immunoreactivity of γ-H2AX in the striatum of the R6/2 transgenic mouse model. Levels of γ-H2AX were markedly decreased in the cortex and striatum of R6/2 mice (10 weeks old) compared to littermate controls (Fig. 5a ). γ-H2AX was mainly present in nucleoli that were positively stained with UBF, a well-known nucleolus marker. Punctate γ-H2AX immunoreactivity was mainly colocalized with UBF in nucleolar regions (Fig. 5c ). p-BRCA1 (Ser1524) immunoreactivity was markedly increased in striatal neurons of R6/2 mice compared to wild-type littermate control mice at 10 weeks of age. p-BRCA1 (Ser1524) and mtHtt were not co-localized (Fig. 2 in the ESM) . Interestingly, γ-H2AX immunoreactivity was decreased in the cortex and striatum of BRCA1 heterozygous knockout (BRCA1 +/− ) mice compared to WT (BRCA1 +/+ ) mice, similar to the pattern we found in R6/2 HD mice (Fig. 5b) . Confocal microscopy revealed that p-BRCA1 (Ser1524) and γ-H2AX are colocalized in striatal neurons of WT mice. Quantitative analysis of fluorescence intensity confirmed that the γ-H2AX signal was spatially colocalized with the p-BRCA1 (Ser1524) signal in the nuclei of striatal neurons of littermate control mice, whereas γ-H2AX was not colocalized with p-BRCA1 (Ser1524) in striatal neurons of R6/2 HD mice (Fig. 5d ).
BRCA1 Directly Regulates the Spatiotemporal Propagation of γ-H2AX to the Nucleoplasm
Since we found that BRCA1 directly interacts with γ-H2AX through the BRCT domain, we hypothesized that BRCA1 directly regulates the spatiotemporal dynamics of γ-H2AX in response to DNA damage. First, we overexpressed WT-BRCA1 in HD cells (Q111) and found that BRCA1 restores γ-H2AX levels in response to CPT-induced DNA damage response in both Q111 and Q7 cells. Phosphorylation site mutant BRCA1 (Ser 1423/ 1524A) did not restore γ-H2AX levels under the DNA damage response (Fig. 6a) . Next, we knocked down BRCA1 using shRNA BRCA1 and assessed the propagation of the γ-H2AX signal to the nucleoplasm to determine whether BRCA1 modulates the spatiotemporal dynamics of γ-H2AX or not. Confocal microscopy confirmed that BRCA1 knockdown (GFP-positive) cells exhibit an abnormal γ-H2AX spatiotemporal dynamic compared to shRNA control cells in response to genotoxic stress induced by CPT (Fig. 6b) . BRCA1 deficiency failed to generate diffuse discrete foci of γ-H2AX in response to DNA damage (Fig. 6b) . Based on these data, we propose a scheme that summarizes our major findings, i.e., that the phosphorylation status of BRCA1 is imbalanced in normal versus HD striatal cells and that BRCA1-dependent spatiotemporal dynamics of γ-H2AX is impaired in HD cells (Fig. 7) .
Discussion
The neuronal DDR is a key element contributing to the pathogenesis of polyQ diseases such as HD, but how it does so is not clear [31, 32] . Understanding the multiple pathogenic pathways and target molecules that underlie DNA repair may lead to the development of new therapeutic approaches to HD. In this study, we present two main findings: (1) the phosphorylation status of BRCA1 is imbalanced in HD striatal cells and (2) BRCA1-dependent 
BRCA1 Phosphorylation Is Altered in HD
The spatial association of BRCA1 to sites of DNA damage implies that it plays a role in DNA repair. Early stages of the cellular response to DNA damage are accompanied by the phosphorylation of BRCA1 at Ser1423 and Ser1524 by ATM kinase [33, 34] . The phosphorylation of Ser1423 and Ser1524 is thought to play a key role in the DDR because mutated BRCA1 protein lacking these two phosphorylation sites fail to prevent DNA damage. It is unclear how BRCA1 orchestrates the complex cascade of DDR. Upon DNA damage, BRCA1 is dispersed from the discrete foci and relocalized to DNA damage-induced foci. BRCA1 colocalizes in these damage-induced foci with a number of proteins involved in the DDR such as ATM and H2AX [3] . The phosphorylated histone H2AX (γ-H2AX) significantly overlaps with BRCA1 following DNA damage, and BRCA1-γ-H2AX foci are thought to be sites of DNA repair [26] . BRCA1 relocalization to damageinduced foci coincides with its phosphorylation [3] . Importantly, BRCA1 phosphorylation is regarded as being upstream to the signaling cascade first elicited by ATM which in turn leads to damage-induced downstream events [35] . In the present study, we found that the ratio of phosphorylated BRCA1 (p-BRCA1 Ser1423 and Ser1524) is elevated and that increased p-BRCA1 levels are a marker of the DDR and DNA repair dysfunction in both mutant Htt (Q111) cells and in a mouse model of HD. ATM may be essential for regulating the intracellular localization of BRCA1 in HD cells. Of note, the phosphorylation of both ATM and BRCA1 in response to DNA damage was reduced in HD cells compared to controls. The BRCA1-Dependent Spatiotemporal Dynamics of γ-H2AX Is Impaired in HD H2AX and its phosphorylated form, γ-H2AX, are fundamental chromatin components involved in DNA repair. Despite many studies investigating γ-H2AX foci in relation to DNA damage, little is known about γ-H2AX foci in normal cells in the absence of DNA damage. Our immunostaining method using detergent treatment enabled us to detect discrete and punctuate γ-H2AX immunoreactivity with typically prominent nucleolar accumulations in both control and HD cells.
We found that the γ-H2AX immunoreactivity is constitutively present in the absence of DNA damage response. Consistent with this result, subcellular fractionation and Western analysis confirmed that both H2AX and γ-H2AX are localized in the nucleolus as well as in the nucleus. Interestingly, upon CPTinduced DNA damage, γ-H2AX relocalized from the nucleolus to the nucleoplasm where sites of DNA repair exist. This new finding suggests that γ-H2AX may be involved in the maintenance of ribosomal DNA under normal conditions and that it can be redistributed and translocalized to sites of DNA DSBs when DNA damage occurs in the nucleus. Fig. 5 The levels of pBRCA1 (Ser 1524) and γ-H2AX are altered in HD mice and BRCA +/− mice. a γ-H2AX levels were decreased in the cortex and striatum of R6/2 HD mice compared to littermate controls. b γ-H2AX immunoreactivity was decreased in the cortex and striatum of BRCA1 heterozygous knockout (BRCA +/− ) mice compared to WT (BRCA +/+ ) mice. c γ-H2AX and UBF were colocalized in striatal neurons of WT and R6/2 HD mice. d Confocal microscopy revealed that the colocalization of pBRCA1 (Ser1524) and γ-H2AX was differentially regulated in the nucleus of WT and R6/2 HD mice. Scale bars: a-d, 10 μm DNA damage-induced phosphorylation of BRCA1 modulates its physical association with other components to facilitate the DNA repair processes [35] . In this study, we provide direct evidence that the BRCA1 C-terminal (BRCT) repeat domain interacts with both H2AX and γ-H2AX. In vitro GST pull-down assay and in vivo immunoprecipitation confirm that the BRCT domain of BRCA1 recognizes γ-H2AX. In HD (Q111) cells, we found that the diffuse distribution of γ-H2AX is altered at an early stage of DNA damage response. In these cells, BRCA1 phosphorylation is delayed, and the diffuse distribution of p-BRCA1 persists. These findings are consistent with biochemical evidence of the CPTinduced foci pattern of γ-H2AX and p-BRCA1, which Fig. 6 BRCA1 modulates the spatiotemporal dynamics of γ-H2AX and DNA damage response. a The overexpression of WT-BRCA1 (WT) increased the level of γ-H2AX in Q111 HD cells in response to DNA damage but mutant BRCA1 (S1423/S1524A) did not. Cells were transfected with either WT or mutant BRCA1 (S1423/ S1524A) for 48 h and then treated with CPT (10 μM) for the indicated period of time. The data represent an average of three separate experiments. b BRCA1 knockdown altered the spatiotemporal dynamics of γ-H2AX foci in the nucleus. Cells were transiently transfected with either shRNA control or shBRCA1 and exposed to CPTinduced DNA damage. Upper panel: images taken by confocal microscopy, lower panel: histogram analysis of the γ-H2AX images from upper panel. Scale bar: 10 μm persists in HD cells. In addition, knockdown of BRCA1 by shRNA impaired its function in nonhomologous end joining via γ-H2AX, which consequently increases TUNEL-positive double-strand break accumulation. Given that one of the earliest molecular responses to DNA double-strand breaks is the recruitment of γ-H2AX to sites of DNA damage, the altered spatiotemporal dynamics of γ-H2AX associated with BRCA1 deficiency suggests that it is a critical factor necessary for the assembly of the DNA repair complex that acts by distributing γ-H2AX. It seems likely that the arrival of BRCA1 and γ-H2AX to sites of DNA damage is precisely regulated to initiate the repair of damaged DNA under normal conditions. In contrast, cells with a deficiency of BRCA1 or an imbalance of BRCA1/p-BRCA1, as occurs in HD, manifest delayed redistribution of γ-H2AX that in turn exacerbates the accumulation of DNA damage-induced double-strand breaks (Fig. 7) . This delayed activation of the DDR may contribute to neuronal dysfunction and neurodegeneration in HD [32] . Which double-strand break repair pathway, a nonhomologous end joining or a homology-directed repair, is dominated by BRCA1 in neurodegenerative conditions remains to be determined.
In conclusion, our data show that levels of p-BRCA1 and γ-H2AX are indicators of DDR activation in HD. BRCA1 deficiency contributes to neuronal injury in HD by interfering with the spatiotemporal redistribution of γ-H2AX that normally occurs in response to DNA damage. Our findings suggest that modulation of BRCA1 may, therefore, improve DDR in HD and ameliorate disease progression.
Materials and Methods

Plasmid Constructs
The S140A and S140E mutations in Mcherry-C1-H2AX Vector were created by using the KOD-Plus-Mutagenesis Kit (TOYOBO, Japan). The mutations were verified by sequencing.
GST Pull-down Assay GST pull-down assay using cell lysates of H2AX-transfected Q7 and Q111 cells was performed as previously described [36] .
Cell Culture and DNA Damage STHdh Q7/7 (wild type) and STHdh Q111/111 (HD knock-in striatal cell line expresses mutant huntingtin at endogenous level) were generously provided from Dr. Marcy MacDonald (Harvard Medical School) [37] . Cells were treated with camptothecin (CPT; 10 μM; Sigma, St. Louis, MO) for the indicated period of time.
RNA Interference Experiment
Four shRNA-BRCA1 expression plasmids were purchased from OriGene Technologies (Rockville, MD). These vectors were constructed in pRS under U6 promoter control using the following target sequence in each of the vector: (1) 5′- Fig. 7 A proposed scheme illustrating a BRCA1 and γ-H2AX-dependent DNA repair mechanism in neurons of normal and HD conditions. The phosphorylation status of BRCA1 is imbalanced in normal versus HD striatal cells. In turn, the BRCA1-dependent spatiotemporal dynamics of γ-H2AX foci are deregulated in HD cells in response to genotoxic stress. As a result, the BRCA1 and γ-H2AX-dependent DNA repair pathway is dysfunctional, and DNA damage is exacerbated in HD cells AAATGCCAGTCAGGCACAGCAGAAACCTA-3′, (2) 5′-TGGCACTCAGGAAAGTATCTCGTTACTGG-3′, (3) 5′-AAGGAACCTGTCTCCACAAAGTGTGACCA-3′, and (4) 5′-AGGACCTGCGAAATCCAGAACAAAGCACA-3′. Cells were seeded and allowed to attach for 24 h before transfection with either shRNA-BRCA1 or control shRNA by using the transfection reagent supplied by the manufacturer and according to the instructions provided by the manufacturer (Lipofectamine TM LTX and PLUS Reagents, Invitrogen Life Technologies, Frederick, MD) for 48 h.
Animals
The male R6/2 mice were bred with females from their background strain (B6CBAFI/J), and offspring were genotyped using PCR [30, 38, 39] . CAG repeat length remained stable within a 147-153 range. Female mice were used in the experimental paradigms. Brain tissues of BRCA1 heterozygous knockout (BRCA +/− ) and wildtype (BRCA +/+ ) mice were generously provided by Dr. Wen-Hwa Lee (University of California, Irvine School of Medicine) [18] .
Subcellular Fraction
Cell pellet was washed with PBS and centrifuged at 1,000 rpm for 4 min at 4°C. Pellet was resuspended in 500 μl of ice-cold buffer (10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCL, 0.5 mM DTT, and protease inhibitors), kept on ice for 5 min, and Dounce homogenized 20 times using a tight pestle. Dounced pellets were centrifuged at 1,000 rpm for 5 min at 4°C to pellet nuclei and other fragments. The supernatant can be retained as the cytoplasmic fraction. The nuclear pellet was resuspended in 300 μl 0.25 M sucrose and 10 mM MgCl 2 and layered over 300 μl 0.35 M sucrose and 0.5 mM MgCl 2 and centrifuged at 2,500 rpm for 5 min at 4°C. This step results in a cleaner nuclear pellet. The clean, pelleted nuclei were resuspended in 300 μl 0.35 M sucrose and 0.5 mM MgCl 2 and sonicated six times, 10 s each time using Bioruptor. The sonicated sample was then layered over 300 μl 0.88 M sucrose and 0.5 mM MgCl 2 and centrifuged at 3,500 rpm for 10 min at 4°C. The pellet contains the nucleoli, and the supernatant can be retained as the nucleoplasmic fraction. The nucleoli was resuspended in 350 mM RIPA buffer and centrifuged at 14,000 rpm for 10 min at 4°C.
Flow Cytometry Analysis
Harvested cells were treated with a reagent in accordance with the instruction provided by the manufacturer (FITC Annexin V Apoptosis Detection Kit), and stained cells were analyzed using a FACSort flow cytometer (BD Biosciences, San Jose, CA). Graphs were exported as TIF images and assembled in Photoshop.
Histopathological Evaluation
Brain tissue sections were immunostained for BRCA1, phospho-BRCA1 (Ser1423), phospho-BRCA1 (Ser1524), H2AX, and γ-H2AX using a previously reported conjugated secondary antibody method. Preabsorption with excess target proteins, omission of the primary antibodies, and omission of secondary antibodies were performed to determine the amount of background generated from the detection assay.
Confocal Microscopy
Immunofluorescence staining and confocal microscopy were used to determine the ATM (Santa Cruz Biotech), p-ATM (Ser1981) (Upstate Biotech), BRCA1 (Santa Cruz Biotech), phospho-BRCA1 (Ser1423) (Santa Cruz Biotech), phospho-BRCA 1 (Santa Cruz Biotech; Ser1524), H2AX (Santa Cruz Biotech), and γ-H2AX (Upstate Biotech). The specimens were incubated for 1 h with DyLight 594 donkey anti-rabbit IgG antibody, DyLight 488 donkey anti-goat IgG antibody, and DyLight 488 donkey anti-mouse IgG antibody (Jackson ImmunoResearch, Baltimore Pike, PA, USA; 1:400) after the incubation of primary antibody. Images were analyzed using an Olympus FluoView FV10i confocal microscope (Olympus, Tokyo, Japan). Control experiments were performed in the absence of primary antibody or in the presence of blocking peptide.
Western Blot Analysis
Western blot was performed as previously described [40] . A total of 30 μg of protein was subjected to SDS-PAGE and blotted with anti-ATM, anti-p-ATM (Ser1981), anti-BRCA1, anti-phospho-BRCA1 (Ser1423), anti-phospho-BRCA1 (Ser1524), anti-H2AX, and anti-γ-H2AX antibodies. Protein loading was controlled by probing for β-actin (Santa Cruz Biotech) on the same membrane. The densitometry of protein intensity was performed by an imaging analyzer (LAS-3000; Fuji, Tokyo, Japan).
Immunoprecipitation Analysis
Cell pellets were suspended in a lysis buffer containing protease inhibitors, and lysates were centrifuged at 14,000 rpm for 10 min. Equal amounts of protein were precipitated with ATM, BRCA1, phospho-BRCA1 (Ser1524), and H2AX. The procedures were performed as previously described [40] .
Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Assay
To detect CPT-induced neuronal DNA damage, we cultured Q7 and Q111 striatal cells on 24-well plates. Cells were treated with 10 μM CPT for 12 and 24 h, fixed by 4 % PFA, and the apoptotic cells by DNA double-strand breaks were detected using TUNEL staining kit (ApopTag Fluorescein In Situ Apoptosis Detection Kit, CHEMICON International, Inc.). The apoptotic cells in four fields per slide were examined under an Olympus epifluorescence microscope (Olympus, Tokyo, Japan) at ×20 objective magnification.
Statistical Analysis
Data were analyzed by Prism software (GraphPad Software, San Diego, CA, USA) using either Student's t test or oneway analysis of variance followed by a Newman-Keuls post hoc test. Data are presented as the mean±SEM. Differences were considered statistically significant when p<0.05.
